Abstract Staphylococcus aureus is an important human pathogen that is responsible for the vast majority of bacterial skin and soft tissue infections in humans. S. aureus can also become more invasive and cause lifethreatening infections such as bacteremia, pneumonia, abscesses of various organs, meningitis, osteomyelitis, endocarditis, and sepsis. These infections represent a major public health threat due to the enormous numbers of these infections and the widespread emergence of methicillinresistant S. aureus (MRSA) strains. MSRA is endemic in hospitals worldwide and is rapidly spreading throughout the normal human population in the community. The increasing frequency of MRSA infections has complicated treatment as these strains are more virulent and are increasingly becoming resistant to multiple different classes of antibiotics. The important role of the immune response against S. aureus infections cannot be overemphasized as humans with certain genetic and acquired immunodeficiency disorders are at an increased risk for infection. Understanding the cutaneous immune responses against S. aureus is essential as most of these infections occur or originate from a site of infection or colonization of the skin and mucosa. This review will summarize the innate immune responses against S. aureus skin infections, including antimicrobial peptides that have direct antimicrobial activity against S. aureus as well as pattern recognition receptors and proinflammatory cytokines that promote neutrophil abscess formation in the skin, which is required for bacterial clearance. Finally, we will discuss the recent discoveries involving IL-17-mediated responses, which provide a key link between cutaneous innate and adaptive immune responses against S. aureus skin infections.
Introduction
Staphylococcus aureus is a gram-positive extracellular bacterium that is the leading cause of skin and soft tissue infections, which include superficial skin infections such as impetigo and infected abrasions as well as more complicated skin infections such as cellulitis, folliculitis/furunculosis, subcutaneous abscesses, and infected ulcers and wounds ( Fig. 1 ) [1, 2] . In addition, S. aureus can cause invasive and often life-threatening infections such as bacteremia, pneumonia, abscesses of various organs, meningitis, osteomyelitis, endocarditis, and sepsis [3] . A large epidemiologic study conducted in the USA found that S. aureus skin and soft tissue infections account for 11.6 million outpatient and emergency room visits and nearly 500,000 hospital admissions per year [1] . These S. aureus skin infections represent a major threat to public health given the massive numbers of infections as well as the widespread emergence of antibiotic resistant strains such as methicillin-resistant S. aureus (MRSA), including hospitaland community-acquired MRSA (CA-MRSA) infections [4] [5] [6] . A recent study demonstrated that 76% of all bacterial skin and soft tissue infections presenting to emergency rooms in 11 major USA cities were due to S. aureus and 78% of these infections were due to MRSA [2] . This indicates that MRSA is now responsible for more than 50% of all skin and soft-tissue infections presenting to emergency rooms in the USA [2] . Furthermore, the USA300 MRSA isolate, which is the most common community-acquired MRSA strain in the USA, is highly virulent and frequently associated with skin and soft tissue infections [4, 5] . S. aureus can also colonize the skin and mucosa of humans. In the USA, it is estimated that up to 30% of healthy individuals in the normal population are colonized with S. aureus and this is important because colonization is a risk factor for subsequent infection [7, 8] .
It is essential to understand the protective cutaneous immune responses against S. aureus because most of these infections occur or originate from a site of infection or colonization in the skin and mucosa. Furthermore, the information gained from this area of investigation may provide the groundwork for future immunomodulatory therapies to help combat complicated S. aureus skin and soft tissue infections (and at other sites of infection) or vaccination strategies to help prevent S. aureus infections and colonization [9] . In this review, we will focus on the specific elements of cutaneous host immune responses that contribute to host defense against S. aureus skin infection and colonization. This will include a discussion of key innate immune responses, including the initial sensing of a S. aureus infection in the skin, neutrophil recruitment from the circulation to the skin, and the important role of antimicrobial peptides and proinflammatory cytokines. In addition, the adaptive immune responses mediated by B and T cells that play a role in the cutaneous immune responses against S. aureus will also be reviewed.
The physical and immune barrier of the skin
The skin is the primary barrier that protects the body from pathogenic microorganisms encountered in the environment (Fig. 2) [10, 11] . The corneal layer is the outermost layer of the epidermis and is a unique layer that is not found in other epithelia that are exposed to the environment such as the lung and gut epithelia [10, 11] . The corneal layer is comprised of essentially dead terminally differentiated keratinocytes that are devoid of organelles and contain highly crosslinked keratin fibrils [10, 11] . Beneath the corneal layer are the other layers of the epidermis, including the granular, spinous, and basal layers, which consist of keratinocytes at various stages of differentiation [10, 11] . The skin is continuously being turned over as keratinocytes migrate from the basal layer to the corneal layer, after which they are eventually shed [10, 11] . Beneath the epidermis is the dermis, which contains a fibrous stroma composed of collagen and elastin fibers [10, 11] . There are many different types of immune cells that reside in normal human epidermis and dermis [10, 11] . These include Langerhans cells in the epidermidis and macrophages, myeloid and plasmacytoid dendritic cells, mast cells, T and B lymphocytes, plasma cells, and NK cells in the dermis [10, 11] . Skin appendages such as sweat glands (eccrine and apocrine), sebaceous glands, and hair follicles extend through the dermis and epidermis and open onto the skin surface [10, 11] .
In addition to a physical barrier, the skin is in an opportune position to act as first responder and elicit early immune responses against invading pathogenic microorganisms from the environment such as S. aureus [10, 11] . Keratinocytes in the epidermis are equipped with mechanisms to detect conserved components of microorganisms and initiate early cutaneous innate immune responses such as the production of antimicrobial peptides and proinflammatory mediators [10, 11] . In addition, the resident immune system cells in the epidermis and dermis also participate in cutaneous immune responses [10, 11] . Thus, both the epithelial keratinocytes and immune cells that reside in the skin both contribute to cutaneous host defense mechanisms against S. aureus and other microbial pathogens. 
Innate immune response against S. aureus skin infection
The cutaneous immune response to S. aureus involves both the innate and adaptive immune system. The innate immune system was once considered a nonspecific proinflammatory response, such as neutrophil and macrophage phagocytosis or complement activation [12] , whereas the adaptive immune response was considered to be a highly specific response driven by recognition of antigens by B and T lymphocytes, which mediate antibody-and cell-mediated immune responses, respectively [13] . It is now known that the innate immune response has considerable specificity that is directed against conserved molecular patterns found in components of microorganisms called pathogen-associated molecular patterns (PAMPs) [12] . The receptors on host cells that recognize PAMPs are called pattern recognition receptors (PRRs) [12] . After recognition of PAMPs, PRRs trigger production of proinflammatory mediators such as cytokines, chemokines, and antimicrobial peptides to initiate early cutaneous immune responses, such as the recruitment of neutrophils from the circulation to the site of infection in the skin [12] . In this section, each of these components of the innate immune response against S. aureus skin infections will be discussed. The role of epidermal keratinocytes as sensors and initiators of immune mechanisms will be reviewed and the importance of neutrophils as the key effector cell against S. aureus infections will be discussed. This will be followed by an overview of antimicrobial peptides, PRRs that recognize S. aureus components, and IL-1R/MyD88 signaling, which is an essential cytokine response to cutaneous S. aureus infections that promotes neutrophil recruitment and bacterial clearance.
Keratinocytes
Epidermal keratinocytes have multiple mechanisms to promote early cutaneous innate immune responses against S. aureus. First, keratinocytes produce antimicrobial peptides that have direct bacteriostatic or bactericidal activity against S. aureus, including human β-defensin 2 (hBD2), hBD3, cathelicidin (LL-37), and RNase 7 [14] [15] [16] [17] [18] . Second, keratinocytes express PRRs such as Toll-like receptors (TLRs), including TLRs 1, 2, and 6, which recognize S. aureus lipopeptides, lipoteichoic acid, and peptidoglycan, and NOD2, which recognizes muramyl dipeptide (a breakdown product of S. aureus peptidoglycan) [19] . These PRRs promote innate immune responses such as the production of antimicrobial peptides, cytokines, and chemokines that promote neutrophil recruitment, which contribute to the initial defense against S. aureus [9] . Finally, keratinocytes can be activated by commensal skin bacteria such as S. epidermidis, which activates TLR2 on keratinocytes, leading to increased production of antimicrobial peptides (e.g., hBD2, hBD3, and RNase 7), which in turn promotes killing of S. aureus [20, 21] . Taken together, keratinocytes not only provide a physical barrier to prevent S. aureus infection but also promote early immune responses through the production of antimicrobial peptides, activation of PRRs, and production of proinflammatory cytokines and chemokines that promote recruitment of neutrophils and other immune cells to the skin. [4, 5, 22] . Microscopically, these lesions are composed primarily of collections of neutrophils, a hallmark of S. aureus infections, which are required for control and clearance of S. aureus infections [23] [24] [25] . Neutrophils represent the first-responder phagocytic cells that are recruited from the circulation to a site of infection or inflammation [26] . Once recruited, they have multiple mechanisms to help kill pathogens [26] . In this section, the important role of neutrophils in S. aureus infection will be discussed, including insights obtained from humans with genetic and acquired neutrophil disorders, mouse models of S. aureus skin infections, and mechanisms that S. aureus utilizes to evade the neutrophilic response.
Genetic and acquired conditions with defects in neutrophil number or function
The important role of neutrophils in host defense against S. aureus is demonstrated by the increased susceptibility to infection in patients with genetic or acquired conditions that result in decreased neutrophil numbers or function. In particular, patients with genetic conditions that result in decreased neutrophil numbers (e.g., severe congenital neutropenia) or defects in neutrophil function (e.g., chronic granulomatous disease, myeloperoxidase deficiency, leukocyte adhesion deficiency I, and neutrophil specific granule deficiency) are predisposed to S. aureus infections [27] [28] [29] . Acquired neutropenia seen in cancer patients on chemotherapy are also highly susceptible to S. aureus infections [30] . In addition to these disorders, patients with renal insufficiency and diabetes mellitus, which have a multitude of neutrophil functional impairments, including defects in neutrophil oxidative burst, chemotaxis, and phagocytosis, also have an increased risk for S. aureus infections [31, 32] . It should be noted that the impairments in neutrophil number and function in these diseases and disorders result in an increased susceptibility to S. aureus infections in a wide variety of tissues and organs, including the skin. However, there are a number of conditions that result in a preferential predisposition to S. aureus infections in the skin, including patients with defects in IL-1/TLR signaling (e.g., IRAK4-and MyD88-deficiency) [33] [34] [35] [36] and patients with altered T cell responses (e.g., hyper-IgE syndrome, atopic dermatitis, and HIV disease) [37] [38] [39] [40] [41] [42] . These specific human disorders have provided important new insights into the protective immune response against S. aureus infections in the skin and will be discussed in detail in this review.
The critical role of neutrophils in S. aureus infections in humans has been supported by studies of S. aureus infections in mice. For example, in a mouse model of S. aureus skin infection, neutrophil-depleted mice had a severe defect in bacterial clearance, resulting in nonhealing skin lesions [24] . Furthermore, mice with defective neutrophil recruitment to the skin develop large skin lesions with increased bacterial burden and severe defects in bacterial clearance [23] . A recent study demonstrated that neutrophil abscess formation in mouse skin during cutaneous S. aureus-infected wounds was mediated by three mechanisms: (1) robust neutrophil recruitment to the skin from the circulation, (2) prolonged neutrophil survival within the abscess in the skin, and (3) homing of c-kit + progenitor cells to the abscess where they locally produce mature neutrophils [43] . Thus, the evidence in humans and mice indicate that neutrophil recruitment to the skin is an essential immune mechanism that is required for immunity against S. aureus skin infections.
Neutrophil function and recruitment
Recruitment of neutrophils from the circulation to a site of S. aureus infection in the skin involves recognition of the pathogen by PRRs [44] and production/secretion of proinflammatory cytokines such as IL-1α, IL-1β, TNFα, and IL-6. These PRRs and cytokines induce upregulation of adhesion molecules such as P-selectin, E-selectin, and intercellular adhesion molecule 1 (ICAM1) on endothelium and L-selectin and lymphocyte function-associated antigen 1 (LFA1) on neutrophils to promote neutrophil rolling, adhesion and diapedesis so that the neutrophils can enter the infected tissue [45] . Furthermore, the PRRs and proinflammatory cytokines induce secretion of neutrophilattracting chemokines such as CXC-chemokine ligand 1 (CXCL1; also known as Gro-α in humans and KC in mice), CXCL2 (also known as MIP2), CXCL5 (also known as ENA-78), and CXCL8 (also known as IL-8), which promote chemoattraction of neutrophils by activating CXC chemokine receptor 2 (CXCR2) expressed on neutrophils [45] .
Once neutrophils encounter S. aureus, they use multiple mechanisms to facilitate bacterial killing (Fig. 3) [26] . Neutrophils express Fc and complement receptors that induce antibody-and complement-mediated phagocytosis to engulf opsonized bacteria into phagosomes [26] . Inside phagosomes, neutrophils have multiple mechanisms that contribute to bacterial killing [26] . These include oxidative burst to generate reactive oxygen species (O 2 − , H 2 O 2 , and hypochlorous acid [HOCl] ), which induce direct bacterial killing but also produce a charge in the phagocytic membrane that activates enzymatic killing of the bacteria [26] . In addition, the phagosome contains several different types of antimicrobial peptides such as cathelicidin (LL-37), lysozyme, azurocidin, and α-defensins, which have direct bacteriostatic or bactericidal activity against S. aureus [26] . There are also numerous proteinases such as cathepsin G, elastase, gelatinase, collagenase, and proteinase 3 as well as acid hydrolases, which help degrade S. aureus bacterial proteins and components [26] . Furthermore, neutrophils contain factors that sequester essential nutrients to inhibit bacterial growth and survival, such as lactoferrin, which sequesters iron and copper, transcobalamin II, which binds to and sequesters vitamin B12, and neutrophil gelatinase associated lipocalin (NGAL), which binds to bacterial siderophores and prevents the bacteria from extracting iron [26] . If S. aureus bacteria enter the cytoplasm of neutrophils they encounter a protein complex called calprotectin (S100A8/ S100A9), which inhibits S. aureus growth through chelation of Mn 2+ and Zn 2+ [46] . Finally, neutrophils release antimicrobial peptides, proteases and chromatin through neutrophil extracellular traps (NETs) that induce trapping and killing of S. aureus [47, 48] .
Mechanisms used by S. aureus to evade the neutrophilic response
The important role of neutrophils in host defense against S. aureus is further demonstrated by the existence of multiple mechanisms that S. aureus possesses that inhibit neutrophil recruitment and function [49] . First, S. aureus produces factors that block neutrophil chemotaxis. These factors include chemotaxis inhibitory protein of staphylococci (CHIPS) that interacts with the C5aR and the formylated peptide receptor to block neutrophil chemotaxis [50] and extracellular adherence protein (Eap), which binds to ICAM-1 and blocks neutrophil adhesion to endothelium and subsequent diapadesis and extravasation [51] . Second, S. aureus also produces factors that inhibit phagocytosis such as protein A, which binds the Fc portion of IgG in the − , H 2 O 2 , and HOCl) through myeloperoxidase and NADPH oxidase, which can directly kill bacteria but also produce a charge in the phagosome membrane to induce enzymatic killing. Antimicrobial peptides such as cathelicidin (LL-37), lysozyme, α-defensins, and azurocidin also have direct antimicrobial activity. Proteinases such as cathepsin G, neutrophil elastase, gelatinase, collagenase and proteinase 3, and acid hydrolases degrade bacterial components. Neutrophils also express proteins that sequester essential nutrients from bacteria to limit their growth such as lactoferrin (which sequesters iron and copper), transcobalamin II (which binds vitamin B12), and neutrophil gelatinase associated lipocalin (NGAL; which binds bacterial siderophores, preventing the extraction of iron). If S. aureus enters the cytoplasm of neutrophils, there is an abundance of calprotectin, which sequesters Mn 2+ and Zn 2+ to inhibit bacterial growth incorrect orientation, preventing detection by Fc receptors [52, 53] . In addition, fibrinogen binding proteins and clumping factor A (ClfA) bind fibrinogen and impair phagocytosis [52, 53] . Third, S. aureus produces cytolytic toxins that damage membranes of host immune cells leading to osmotic lysis and the prevention of phagocytosis [52, 53] . The prototypical cytolytic toxin, α-toxin (or α-hemolysin), is secreted as a monomer but assembles into a 14-stranded β-barrel pore in the membrane of host cells resulting in cell lysis [52, 53] . In addition, there are biocomponent leukotoxins that are comprised of two subunits such as γ-toxin (or γ-hemolysin) and PantonValentine leukocidin (PVL) [52, 53] . Furthermore, CA-MRSA strains produce α-type phenol soluble modulins that lyse neutrophils and other host cells [54] . Although PVL has been epidemiologically linked with CA-MRSA cutaneous infections, α-toxin and α-type phenol soluble modulins may be more important determinants of virulence of CA-MRSA strains [55] . S. aureus evades reactive oxygen species via production of its carotenoid pigment, which is not only responsible for the golden color of S. aureus, but is also a potent antioxidant that neutralizes reactive oxygen species-mediated killing [56] . Moreover, S. aureus produces two superoxide dismutase enzymes that can degrade superoxide and impair reactive oxygen species-mediated killing [57] . Finally, S. aureus has been known to promote a survival program that allows it to survive inside of neutrophils to evade host defenses [58, 59] . Taken together, S. aureus possesses multiple mechanisms to inhibit or evade the neutrophilic response, providing further evidence of the important role of neutrophils in host defense against S. aureus.
Antimicrobial peptides
Antimicrobial peptides are a diverse group of polypeptides that are typically less than 50 amino acids in length and possess antimicrobial activity at physiologic conditions [60] [61] [62] . Although their precise mechanisms differ, most antimicrobial peptides are cationic peptides that interact with the anionic membrane surfaces of microbes leading to osmotic lysis [60] [61] [62] . Whereas some antimicrobial peptides are produced by keratinocytes and are present in normal skin, others are induced during infection and inflammation/wounding [63, 64] . In this section, we will focus on the specific antimicrobial peptides that are produced by keratinocytes and other immune cells that have been implicated in contributing to host defense against S. aureus skin infections (Table 1) . There are several antimicrobial peptides that are present in the skin during an infection that have bacteriostatic or bactericidal activity against S. aureus, including α-defensins (also called human neutrophil peptides [HNPs] ), β-defensins, cathelicidin (LL-37), RNase7, and dermcidin (Table 1 ) [60] [61] [62] . Neutrophils express high levels of HNPs 1-3 and less amounts of HNP4, which together constitute nearly 50% of the peptides within neutrophil granules [65] . HNP2 has the highest degree of antimicrobial activity against S. aureus [66] . However, HNPs 1, 3, and 4 also exhibit antimicrobial activity against S. aureus [66] . There are four well-characterized human β-defensins (hBDs 1-4), which are expressed by epithelial cells, including keratinocytes, as well as by activated monocytes/macrophages and dendritic cells [60, 61] . hBD1 has no antimicrobial activity against S. aureus whereas hBD2 and hBD4 have a weak bacteriostatic effect against S. aureus in vitro [18, 67] . In contrast, hBD3 has strong bactericidal activity against S. aureus in vitro and in skin explants ex vivo [16, 17] . Human cathelicidin is also named LL-37 because it represents the 37 amino acid active antimicrobial peptide liberated from the C terminus of the parent protein, human cationic antimicrobial protein 18 kDa (hCAP-18) [60, 61] . LL-37, like hBD3, has potent bactericidal activity against S. aureus [15] . LL-37 is constitutively expressed in neutrophils and can be induced in epithelial cells, including keratinocytes [15, 68] . RNase 7 is another antimicrobial peptide that is produced by keratinocytes and has bactericidal activity against S. aureus [62] . A recent study found that high levels of RNase 7 in the stratum corneum could prevent colonization of skin explants by S. aureus [14] . Finally, dermcidin, which is produced by eccrine sweat glands and is found in human sweat, also has bactericidal activity against S. aureus [69, 70] . In keratinocytes, the production of hBD2, hBD3, and LL-37 can be induced by live or heat-killed S. aureus or by S. aureus components, including lipopeptides and lipoteichoic acid, which activate TLR2 [71] [72] [73] [74] [75] . Thus, human keratinocytes can upregulate the production of hBD2, hBD3, and LL-37 in response to S. aureus infections to enhance immune clearance of the pathogen. Furthermore, activation of the epidermal growth factor receptor by wounding of human skin also results in increased hBD3 production, providing another mechanism for enhancing antimicrobial activity against S. aureus [64, 76] . Although a link between vitamin D and host defense against S. aureus skin infection or colonization has yet to be demonstrated, vitamin D increases LL-37 production by keratinocytes, neutrophils, and monocytes/macrophages and thus vitamin D may also play a role in host defense against S. aureus skin infections [77] [78] [79] .
Most of the antimicrobial activity of antimicrobial peptides against S. aureus has been demonstrated in vitro or ex vivo as described above. However, evidence that these antimicrobial peptides may be relevant to S. aureus skin infections in vivo in humans has come from the study of patients with two dermatologic diseases: (1) atopic dermatitis, which is an allergic Th2 inflammatory skin disease characterized by having an increased susceptibility to S. aureus skin infections, and (2) psoriasis, which is an autoimmune inflammatory skin disease with increased Th1 and Th17 responses that is resistant to S. aureus skin infections [80] . Although many different factors contribute to the difference in susceptibility to S. aureus skin infections between these two diseases, the expression of hBD2, hBD3, and LL-37 is significantly decreased in lesional skin from patients with atopic dermatitis compared with lesional skin from patients with psoriasis [80, 81] . These findings indicate that keratinocyte-derived antimicrobial peptides play a key role in controlling S. aureus infections of human skin in vivo. Finally, antimicrobial peptides not only have microbicidal activity against S. aureus, but they also promote the recruitment of immune cells to the site of infection. For example, HNPs promote recruitment of macrophages, T cells, and mast cells through a PKC-dependent mechanism [82] . hBD2 and hBD3 promote chemotaxis of immature dendritic cells and memory CD4+ T cells through CCR6 and promote chemotaxis of monocytes/macrophages through CCR2 [83, 84] . In addition, LL-37 promotes chemotaxis of neutrophils, monocytes and T cells by activating formyl peptide receptor-like 1 [85, 86] . Taken together, antimicrobial peptides may further enhance host defense mechanisms during S. aureus skin infections by inducing the recruitment of other immune cells.
The importance of antimicrobial peptides in host defense against S. aureus skin infections is further demonstrated by the presence of S. aureus evasion mechanisms that inhibit the activity of these antimicrobial peptides. For example, S. aureus produces staphylokinase, which binds to α-defensins and neutralizes their activity [87] . The S. aureus surface protein iron surface determinant A (IsdA) decreases bacterial cellular hydrophobicity rendering the bacteria resistant to hBD2 and LL-37 [88] . S. aureus also produces a metalloproteinase called aureolysin, which cleaves and inactivates LL-37 [89] . The S. aureus multiple peptide resistance factor protein (MprF) modifies the phospholipid phosphatidylglycerol in the membrane with L-lysine, which reduces the membrane anionic charge and inhibits killing of S. aureus by cationic antimicrobial peptides such as α-defensins and LL-37 [90, 91] . Similarly, products of the dltABCD operon attach positively charged D-alanine residues onto negatively charged phosphate groups in the backbone of teichoic acids, rendering the bacteria less susceptible to killing by α-defensins and LL-37 [68, 92] . S. aureus also secretes extracellular proteases that degrade dermcidin, thereby neutralizing its antimicrobial activity [93] . In summary, the existence of multiple mechanisms that S. aureus possesses to inhibit their activity provides evidence that antimicrobial peptides play an important role in host defense against S. aureus.
Recognition of S. aureus by pattern recognition receptors
PRRs are receptors on host cells that recognize conserved molecules of microorganisms called PAMPs [12] . After recognition, PRRs initiate downstream signaling events that promote the production of proinflammatory cytokines, chemokines, co-stimulatory, and adhesion molecules as well as antimicrobial peptides that contribute to innate and adaptive immune responses [12] . In this section, PRRs relevant to S. aureus skin infections will be discussed, including TLRs, nucleotide-binding oligomerization domain proteins (NODs), peptidoglycan recognition proteins (PGLYRPs) and tumor necrosis factor-α receptor 1 (TNFR1; Fig. 4 ).
Toll-like receptors
TLRs are important PRRs involved in host defense against S. aureus [94] . Activation of TLRs initiates several signaling cascades including nuclear factor-κB (NF-κB) and mitogen-activated protein kinase (MAPK) to initiate early immune responses [94] . Of all the known human TLRs (1-10), TLR2 has been the most implicated in host defense against S. aureus [9] . TLR2 is expressed on the cell surface of numerous cell types in the skin, including keratinocytes, Langerhans cells, monocytes/macrophages, dendritic cells, mast cells, endothelial cells, fibroblasts, and adipocytes [19] . TLR2 recognition of S. aureus components is complex and involves formation of heterodimers with TLR1 or TLR6 to recognize tri-or di-acyl lipopetides (including lipoteichoic acid, which is diacylated), respectively [95] [96] [97] . In addition, TLR2 interacts with coreceptors CD14 and CD36 to facilitate recognition and signaling [95, 98] . Although it is somewhat controversial due to potential lipopeptide contaminants in S. aureus peptidoglycan preparations, several studies have found that TLR2 also recognizes S. aureus peptidoglycan [99, 100] . In addition to recognizing and responding to S. aureus components, there is in vivo evidence in mice demonstrating that TLR2 plays an important host defense role against S. aureus skin infections. Our laboratory found that TLR2-deficient mice developed larger skin lesions with increased bacterial burden compared with wildtype mice during a S. aureus skin infection [23] . Although humans with complete TLR2 deficiency have not yet been identified, polymorphisms in TLR2 have been associated with an increased severity of atopic dermatitis, which may help explain the predisposition to S. aureus infections in these patients [101, 102] .
Nucleotide-binding oligomerization domain proteins
In contrast to TLRs, which are found in either the cell membrane or membranes of endosomes, nucleotide-binding oligomerization domain proteins (NOD1 and NOD2) are PRRs that are found free in the cytosol [103] . NOD1 recognizes breakdown products of gram-negative peptidoglycan whereas NOD2 recognizes muramyl dipeptide, which is a breakdown product of peptidoglycan of both gram-positive and gram-negative bacteria [103] . Upon recognition, NOD1 and NOD2 (like TLRs) activate NF-κB and MAPK pathways to promote immune responses [103] . Although S. aureus is classically considered an extracellular pathogen, it is now clear that S. aureus can invade the cytoplasm of many different cell types where its muramyl dipeptide has the opportunity to interact with NOD2 [104] . For example, after a S. aureus cutaneous challenge, mice deficient in NOD2 developed larger skin ulcerations with impaired bacterial clearance compared PRRs involved in recognizing components of S. aureus and cellular localization of these PRRs are shown. Toll-like receptor 2 (TLR2) heterodimerizes with TLR1 and TLR6 to recognize tri-and di-acyl lipopeptides, respectively (including S. aureus lipoteichoic acid [LTA], which is diacylated). TLR2 also recognizes S. aureus peptidoglycan (PGN) and CD14 and CD36 act as TLR2 co-receptors. Nucleotidebinding oligomerization domain containing 2 (NOD2) is an intracellular cytoplasmic receptor that recognizes the S. aureus peptidoglycan breakdown product muramyl dipeptide. Peptidoglycan receptor proteins (PGRPs or PGLYRPs) are secreted proteins that recognize S. aureus PGN. TNFR1 is a cell surface receptor that is activated by TNF-α but has also been shown to recognize S. aureus protein A. In general, signaling from these PRRs promotes activation of NF-κB and other transcription factors that induce transcription of proinflammatory cytokines, chemokines, adhesion molecules, and antimicrobial peptides that are involved in cutaneous host defense against S. aureus with wildtype mice [105] . In this mouse model, activation of NOD2 resulted in increased IL-1β-induced IL-6 production, which enhanced bacterial killing by neutrophils [105] . Furthermore, the NOD2-mediated host immune response was dependent upon S. aureus α-toxin, which produced pores in cell membrane and facilitated entry of S. aureus into the cytoplasm [105] . Thus, NOD2 represents an important intracellular PRR that recognizes S. aureus muramyl dipeptide from bacteria that enters the cytoplasm of cells.
Peptidoglycan recognition proteins
In humans, there are four peptidoglycan recognition proteins (PGRPs or PGLYRPs)-PGLYRP1, PGRYRP2, PGLYRP3, and PGRYRP4 (formerly termed PGRP-S, -L, -Iα, and -Iβ) [106] . All of these PGRPs are secreted proteins and the relevance of these receptors in cutaneous defense against S. aureus is not fully known [44] . PGLYRP1, though not expressed in skin, is highly expressed in neutrophils, where it binds S. aureus peptidoglycan within tertiary granules and exerts bactericidal activity [107, 108] . PGLYRP2, which is expressed by skin keratinocytes, is distinct in that it has an active amidase that cleaves S. aureus peptidoglycan [109] . However, PGLYRP2 may not be involved in the immune response against S. aureus since there was no difference in cytokine production (IL-6 and TNF-α) or in susceptibility to infection between PGLYRP2-deficient mice and wildtype mice after systemic challenge with S. aureus [110] . Lastly, PGLYRP3 and PGLYRP4 are expressed in the epidermis, hair follicles, sebaceous glands, and sweat glands, and although their expression can be induced by certain bacteria, it is unclear if this is relevant to S. aureus skin infections [106] .
Tumor necrosis factor-α receptor 1 Protein A is a S. aureus surface protein that binds immunoglobulins in the incorrect orientation, which represents an immune evasion mechanism because it inhibits antibody-mediated phagocytosis [52, 53] . It has been known that TNFR1, which is a receptor for TNF-α, also binds S. aureus protein A and this interaction plays an important role in host defense against S. aureus pneumonia [111] . Recently, it was shown that TNFR1 on the surface of keratinocytes also binds protein A and this interaction initiates NF-κB activation, leading to keratinocyte production of proinflammatory cytokines and chemokines such as IL-8 [112] . Although this study suggests a role for TNFR1 in host defense against S. aureus skin infections, TNFR1-deficient mice had no defects in neutrophil recruitment or host defense compared with wildtype mice after an in vivo S. aureus skin infection [23] . Thus it is unclear whether the TNFR1 interaction with protein A plays a major role in host defense against S. aureus infections in the skin.
IL-1-mediated neutrophil recruitment response
In this section, we will focus on the role of IL-1α and IL-1β, which signal via IL-1R, as critical promoters of neutrophil recruitment and cutaneous host immune defense against S. aureus. Understanding of the role of IL-1α and IL-1β and IL-1R signaling was obtained from insights from humans with genetic deficiencies in TLR and IL-1R signaling molecules and corroborated by studies in mouse models of S. aureus cutaneous infections and human culture systems.
As described earlier, patients with genetic or acquired impairments in neutrophil number and function are predisposed to S. aureus infections in various organs and tissues and are not limited to skin infections [27] [28] [29] . However, pediatric patients with genetic deficiencies in signaling molecules downstream of TLRs and IL-1R, namely MyD88 and IRAK4, are predisposed to S. aureus infections at cutaneous sites of infection [33] [34] [35] [36] . TLR and IL-1R family members signal through MyD88, which subsequently interacts with IRAK4, to activate TRAF6 and induce transcription of NF-κB-and MAPK-dependent proinflammatory genes [9] . The patients with MyD88 or IRAK4 deficiency were found to have the same phenotype. Approximately one third suffered from severe and recurrent S. aureus skin infections, 80% developed S. pneumoniae pneumonia and about half the patients died from pneumococcal sepsis before they were 8 years old [33] [34] [35] [36] . Furthermore, the frequency of infections decreased with time with no infections seen after the age of 14 years [33] [34] [35] [36] . The fact that these patients were not susceptible to other bacterial, fungal, and viral infections indicates that TLR and IL-1R signaling is redundant against most infections but is essential for immunity against pyogenic infections (especially S. aureus and Streptococcus pneumoniae) at epithelial sites [113] . Since S. aureus skin infections require neutrophil recruitment and abscess formation for host defense and bacterial clearance, these findings provide evidence that TLR and IL-1R family members are critical in promoting this protective neutrophilic response against S. aureus skin infections in humans.
It is not known which of the MyD88-and IRAK4-dependent TLR and IL-1R family members contribute to the neutrophilic response against S. aureus skin infections, especially since MyD88/IRAK4 signaling is utilized by all TLRs (except TLR3, which signals via TRIF instead of MyD88) and the IL-1R family members, including IL-1R, IL-18R, and IL-33R [113] . However, data from mouse models of S. aureus skin infection and human cell cultures suggest that IL-1R signaling may be an important determinant for this response. In our laboratory, we compared neutrophil recruitment to the skin and host defense against a cutaneous S. aureus infection in MyD88-, TLR2-, and IL-1R-deficient mice [23] . We focused our efforts on studying TLR2 because of its known role in the recognition of S. aureus lipopeptides, lipoteichoic acid, and peptidoglycan as discussed earlier.
We found that IL-1R-deficient mice had a similar phenotype as MyD88-deficient mice, which included a profound impairment in bacterial clearance and neutrophil recruitment to the skin [23] . In contrast, TLR2-deficient mice had only modest impairment in bacterial clearance and no defect in neutrophil recruitment [23] . Thus, IL-1R/ MyD88 signaling is a more important determinant than TLR2/MyD88 signaling for neutrophil recruitment and host defense against S. aureus skin infections. We further demonstrated using bone marrow chimeric mice that the activity of IL-1R and MyD88 was dependent upon expression of these molecules by cells that reside in the skin [23] . In contrast, expression of IL-1R or MyD88 by bone marrow recruited cells (such as recruited neutrophils and monocytes) was dispensible for neutrophil recruitment and host defense [23] .
It should be mentioned that TLR2 likely contributes to IL-1R-dependent neutrophil recruitment because IL-1β production in TLR2-deficient mice was impaired at 6 h after infection (but not at 24 hours after infection), indicating that TLR2 is one of the PRRs that induces production of IL-1β during S. aureus skin infections [23] . However, since IL-1β was still produced during the infection in TLR2-deficient mice, mechanisms other than TLR2 exist to induce IL-1β during S. aureus skin infections [23] . One such mechanism involves NOD2 activation, since NOD2-deficient mice also had decreased IL-1β production in mouse skin in response to S. aureus infection [105] .
In subsequent studies, our laboratory evaluated the contribution of IL-1α and IL-1β, two known IL-1R ligands, to IL-1R/MyD88-mediated neutrophil recruitment and host defense against S. aureus skin infection in mice. Although both IL-1α and IL-1β can activate IL-1R/MyD88 signaling, their cellular source and post-translational processing are different [10] . Premade stores of biologically active IL-1α are present in keratinocytes and are released upon nonspecific injury or infection [10] . In contrast, IL-1β is an inducible cytokine that is produced by many different cell types, including keratinocytes, macrophages, and dendritic cells [10] . Moreover, production of biologically active IL-1β requires proteolytic processing of pro-IL-1β by caspase-1, which is dependent upon formation of an intracellular complex of proteins known as the inflammasome [114] . During an intradermal S. aureus infection using mice deficient in IL-1α or IL-1β, we found that IL-1β-deficient mice had defective bacterial clearance and neutrophil recruitment to the skin whereas IL-1α-deficient mice had a similar phenotype as wildtype mice [115] . Furthermore, mice deficient in apoptosis-associated speck-like protein containing a CARD [caspase-recruitment domain] (ASC), which is a critical component and required for formation of the inflammasome, had the same defects in host defense against a S. aureus skin infection as IL-1β-deficient mice [115] . These data indicate that inflammasomemediated IL-1β production plays a more important role than IL-1α in activating IL-1R-mediated neutrophil recruitment and host defense against an intradermal S. aureus skin infection [115] . Additional studies demonstrated that the mechanism of IL-1β production in the context of S. aureus infection involved the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome, which has been shown to be triggered by pore-forming α-, β-, and γ-hemolysins of S. aureus [116, 117] and the digestion of S. aureus peptidoglycan in phagosomes by lysozyme [118] .
In other experiments, we inoculated the S. aureus bacteria into superficial scalpel wounds (instead of intradermally) of the skin of mice deficient in IL-1α or IL-1β [119] . In this case, both IL-1α-and IL-1β-deficient mice had defects in host defense and bacterial clearance, suggesting that during a superficial infection, IL-1α plays a more prominent role in contributing to IL-1R-mediated immune responses [119] . Consistent with these findings, in human keratinocyte cultures, S. aureus (as well as S. aureus lipoteichoic acid and peptidoglycan) induced release of significantly higher amounts of IL-1α than IL-1β and activated an "IL-1α signaling loop," which resulted in continuous secretion of neutrophil chemokines such as CXCL1, CXCL2, and IL-8 [120] . Taken together, during a deeper intradermal S. aureus skin infection (such as cellulitis or a skin abscess), IL-1β is the predominant IL-1R ligand that promotes neutrophil recruitment whereas during a superficial S. aureus infection (such as impetigo or infected cuts and abrasions), IL-1α, which is likely produced by keratinocytes, also contributes to neutrophil recruitment and host defense. The reason for the differential roles and compartmentalization of IL-1α and IL-1β are not entirely clear. However, it is likely that the pre-made stores of IL-1α in keratinocytes represent a rapid and early cutaneous immune response to combat the initial invasion of bacteria into the epidermis whereas the inducible IL-1β response is mobilized if the infection continues to spread and invades the dermis and subcutaneous tissue.
By combining all of the results from these studies, an important mechanism for promoting the neutrophilic response against S. aureus skin infections has been uncovered (Fig. 5a ). This mechanism begins with IL-1α secretion from keratinocytes and PRR-dependent (e.g., TLR2 and NOD2) and inflammasome-mediated IL-1β production from resident skin cells, which activate the IL-1R and subsequent MyD88/IRAK4 signaling. The MyD88/IRAK4 signaling pathway results in production of cytokines, chemokines and adhesion molecules that promote neutrophil recruitment and abscess formation at the site of S. aureus infection in the skin.
Adaptive immune responses to S. aureus
The innate immune system provides the first line of defense against microbial pathogens. In contrast, adaptive immune responses are recruited later on during an infection and are also responsible mediating immunologic memory responses [13] . The adaptive immune system can be divided into antibody-and cell-mediated immune responses, which are mediated by B cells and T cells, respectively [13] . In this Fig. 5 Cytokine responses that promote clearance of S. aureus skin infections. a IL-1 response against S. aureus. In response to S. aureus, IL-1α is produced and released by keratinocytes in an autocrine signaling loop. In addition, S. aureus skin infection results in activation of PRRs and the inflammasome by resident and recruited cells (such as macrophages and dendritic cells), which leads to production and secretion of active IL-1β. b IL-17 mediated response against S. aureus. IL-17A and IL-17F are produced by multiple different types of cells in the skin, including Th17 cells, γδ T cells, and NK cells (and perhaps mast cells and neutrophils) in response to different signals such as activation by TLR2, IL-1α/β, IL-6, and IL-23. IL-17A and IL-17F mediate immune responses by binding to the IL-17R, which is expressed primarily by keratinocytes. Both the IL-1 and IL-17 responses promote neutrophil recruitment and abscess formation and keratinocyte production of antimicrobial peptides (e.g., hBD2, hBD3, and LL-37) to help control S. aureus skin infections and mediate bacterial clearance section, B cell responses, especially antibody responses against S. aureus will be discussed. In addition, the emerging role of T cell responses will be examined in detail, with an emphasis on Th17 and IL-17 responses, which have recently been found to be essential in host defense against S. aureus cutaneous infections.
B cell responses
The B cell-mediated immune response against S. aureus involves the production of antibodies directed against specific antigens of components of S. aureus. These antibodies play an important role in opsonizing the bacteria and facilitating antibody-mediated (and complementmediated) ingestion of the bacteria by phagocytes (e.g. neutrophils and macrophages) [121, 122] . After a S. aureus/ MRSA infection in humans, many antibodies are generated, including antibodies against toxins (e.g., α-toxin, β and γ hemolysins, PVL and enterotoxins), virulence factors (e.g., aureolysin, IsdA, and superantigens), cell-wall proteins (e.g., clumping factors [ClfA/B] and fibronectin binding protein), and non-protein antigens (e.g., capsular polysaccharides, lipoteichoic acid, and peptidoglycan) [121] . The importance of B cell responses and antibodies in host defense against S. aureus infections is best illustrated by the existence of S. aureus protein A, which binds immunoglobulins in the incorrect orientation, thus enabling S. aureus to evade antibody detection and antibody-mediated phagocytosis [52, 53] . However, it is not clear if these antibody responses are indeed protective since antibodybased vaccines aimed at facilitating opsonization, such as vaccines against capsular polysaccharides (StaphVax®) or ClfA (Veronate®), have had limited efficacy in clinical trials [123, 124] and up to a third of patients with high antibody titers suffer from recurrent infections [125] [126] [127] . It is possible that newer antibody vaccines against multiple or different antigens may be more effective in the future [128, 129] . Some of these newer vaccines are not targeted against promoting antibody-mediated opsonization but instead target S. aureus virulence factors [122] . In particular, S. aureus antibody-based vaccines have been developed against the following antigens: α-toxin and PVL, which would inhibit the action of these cytolytic toxins [130] [131] [132] ; protein A, which would block the ability of protein A to neutralize antibody opsonization and phagocytic responses [133] ; IsdB, which would inhibit S. aureus uptake of the essential nutrient iron [134] ; and clotting factors such as coagulase and von Willebrand factor binding protein, which would prevent abscess formation and facilitate access of host immune cells and antibiotics to kill the bacteria [135] . However, it is also unclear how efficacious these antibody-based vaccines will be in humans since many patients develop natural antibodies directed against the same components targeted by these newer vaccination strategies [121] .
T cell responses
In this section, we will focus on the role of T cell responses in cutaneous host immune defense against S. aureus. In particular, we will review the important T helper (Th) cell subsets (CD4+ T cells), especially Th1, Th2, and Th17 cells, which have been implicated in the pathogenesis of S. aureus skin infections. Th1 cells produce IFN-γ and promote cell-mediated immune responses, Th2 produce IL-4 and IL-13 and promote antibody-mediated immune responses, and Th17 cells produce IL-17 (i.e., IL-17A and IL-17F) and IL-21 and IL-22 and IL-26 and promote neutrophil recruitment and abscess formation [136] . In general, a role for T helper cells in contributing to host defense against S. aureus has been suggested by studying human patient populations with certain T cell defects that are known to have an increased susceptibility to S. aureus skin infections. For example, patients with HIV/AIDS, who become deficient in CD4 + T cells during disease progression, are at an increased risk for colonization and skin infection with S. aureus [137] [138] [139] .
Th1 and Th2 responses in the pathogenesis of S. aureus skin infections
With respect to Th1 responses, the Th1 cytokine IFNγ was found to promote neutrophil recruitment in a surgical thigh wound model in mice [58, 140] and protection against an intravenous S. aureus challenge in mice [141] [142] [143] . However, whether these responses relate to S. aureus skin infections in humans is unknown. In contrast, human skin lesions from the inflammatory skin disease atopic dermatitis, which are classically associated with a Th2 cytokine profile (i.e., IL-4, IL-13, and IL-10), have increased colonization and superinfection of their skin lesions with S. aureus [144] . The increased susceptibility of atopic dermatitis skin lesions to S. aureus colonization and superinfection is multifactorial and has been associated with a defective epidermal barrier and impaired innate immune responses such as decreased expression of antimicrobial peptides as discussed earlier [80, 81] . Indeed, the cytokine milieu (i.e., increased IL-4 and IL-13) in atopic dermatitis leads to decreased expression of hBD2 and hBD3 [81] . Furthermore, in mouse models of allergic skin inflammation, which mimics atopic dermatitis skin, IL-4 has been shown to increase expression of fibrinogen and fibronectin in the skin, which enhanced binding of S. aureus to the skin through S. aureus fibrinogen and fibronectin binding proteins [145] . Also, S. aureus produces superantigens, including staphylococcal enterotoxins A and B (SEA and SEB) and toxic shock syndrome toxin-1 (TSST-1), which nonspecifically activate T cells and exacerbate cutaneous inflammation [146] . In mouse skin sensitized to SEB, there was much more IL-4 produced than IFN-γ, suggesting that these superantigens may skew the cutaneous immune response towards a Th2 cytokine profile and contribute to the increased S. aureus colonization and superinfection in atopic dermatitis [147] . Taken together, based on findings in humans with atopic dermatitis and mouse models of allergic skin inflammation, Th2 cytokine responses are associated with increased susceptibility to S. aureus skin infections.
Th17 responses promote neutrophil recruitment against S. aureus cutaneous infections Although these findings suggest that Th1 responses are protective and Th2 responses are deleterious against S. aureus skin infections, recent studies have also implicated Th17 cells as important mediators of neutrophil recruitment and host defense against S. aureus skin infections. Of the cytokines produced by Th17 cells, IL-17A, and IL-17F have been shown to promote neutrophil recruitment and abscess formation through the induction of CXCL1, CXCL2, CXCL5, and CXCL8, which induce chemotaxis of neutrophils, and granulopoesis factors (G-CSF and GM-CSF), which promote production and maturation of neutrophils [148, 149] . In addition, IL-17A, IL-17F, and IL-22 induce keratinocyte production of antimicrobial peptides such as LL-37 and hBD2 [150, 151] . Evidence for a role of Th17 cells in host defense against S. aureus cutaneous infections has been provided by studying patients with hyper-IgE syndrome, who suffer from recurrent and severe S. aureus and C. albicans cutaneous infections [152] . Recently, it was discovered that autosomal dominant and recessive forms of hyper-IgE syndrome have STAT3 [153, 154] and DOCK8 [155, 156] mutations that render these patients deficient in Th17 cells [39] [40] [41] [42] . Since hyper-IgE patients have a profound defect in immunity against S. aureus skin infections, these findings provide key evidence that Th17 immune responses are critical for host defense against S. aureus skin infections in humans. In addition, humans with chronic mucocutaneous candidiasis who suffer from candidal infections at mucosal and cutaneous sites and to a lesser degree S. aureus skin infections were found to have autoantibodies specific for IL-17A, IL-17F, and IL-22, as well as mutations in the genes encoding IL-17F and IL-17RA [157] [158] [159] , providing further evidence for a role of Th17 responses in host defense against S. aureus skin infections. Furthermore, this important role of Th17 cells may also be relevant to the increased susceptibility to S. aureus skin infections in patients with HIV/AIDS and atopic dermatitis, since there is a preferential loss of Th17 cells during the progression of HIV disease [38, 160, 161] and lesions of atopic dermatitis have decreased Th17 cells and responses [37, 162, 163] . Thus, although hyper-IgE syndrome, chronic mucocutaneous candidiasis, HIV/AIDS, and atopic dermatitis represent different diseases, they all share in common an increased susceptibility to S. aureus skin infections and a deficiency in Th17 cells, indicating the importance of Th17 cells in host defense against S. aureus skin infections in humans.
These findings in humans have been supported in mouse models of S. aureus skin infections. One study found that mice deficient in both IL-17A and IL-17F developed spontaneous S. aureus skin infections but did not have an increased susceptibility to a systemic S. aureus challenge [164] . These data in mice resemble the phenotype of humans with hyper-IgE syndrome, who suffer from S. aureus infections in the skin but not in other organs and tissues [152] . Although the reason for the increased susceptibility to S. aureus (and S. pneumoniae) in hyper-IgE syndrome at epithelial sites and not at other sites of infection is not entirely known, one study evaluated the dependence of different human cell types to activation by IL-17 and IL-22 [165] . In this study, human keratinocytes and bronchial epithelial cells were much more sensitive to activation by IL-17 and IL-22 in the induction of chemokines and antimicrobial peptides than other cell types such as fibroblasts and endothelial cells [165] . These findings suggest that Th17 responses are much more relevant for promoting host defense against pathogens in the skin (S. aureus) and the lung (S. pneumoniae) and not at other sites of infection, thus providing an explanation for the increased susceptibility to infection at epithelial sites in hyper-IgE syndrome.
Regarding the role of IL-17 against S. aureus cutaneous infections, in particular, our laboratory found that mice deficient in γδ T cells developed larger skin lesions, increased bacterial counts, decreased neutrophil chemokine production, and impaired neutrophil recruitment compared with wildtype mice [166] . In contrast, the phenotype of mice deficient in αβ T cells did not differ from wildtype mice [166] . In addition, the infected skin from γδ T cell deficient mice had a severe defect in induction of IL-17A and IL-17F early on after the infection (at 8 h) compared with wildtype mice, indicating that γδ T cell production of IL-17A and IL-17F was responsible for mediating neutrophil recruitment and host defense [166] . The early induction of IL-17A and IL-17F during S. aureus skin infection was also impaired in MyD88-, IL-1R-, TLR2-, and IL-23-deficient mice suggesting that IL-17A and IL-17F production was dependent upon MyD88, IL-1, TLR2, and IL-23 [166] . Furthermore, mice deficient in the IL-17R or wildtype mice treated with an anti-IL-17A neutralizing antibody were evaluated and both groups of mice had the same defects in host defense and bacterial clearance against the S. aureus skin infection as γδ T cell deficient mice [166] . Finally, local administration of a single dose of recombinant murine IL-17A to γδ T cell deficient mice at the time of S. aureus infection rescued these mice from any impairments in host defense [166] . These data corroborate the essential role of IL-17 in host defense against S. aureus skin infections described from studies in humans with hyper-IgE syndrome. However, it is not clear if γδ T cells play the same essential role against human S. aureus skin infections, especially since humans with hyper-IgE syndrome are deficient in Th17 cells and not γδ T cells [39] [40] [41] [42] . Furthermore, mouse skin has a large resident γδ T cell population in the epidermis (called dendritic epidermal T cells [DETCs]), which is not present in human skin [167] . Therefore, it could be that Th17 cells (and perhaps other IL-17-producing cells such as dermal γδ T cells, NK cells, and NKT cells) may represent functional equivalents and serve as the source of IL-17 production during S. aureus skin infections in humans. It should be mentioned that recent reports have also demonstrated that neutrophils and mast cells also produce IL-17 in human skin and these cells could also contribute to the production of IL-17 during S. aureus skin infections [168, 169] .
Taken together, these studies suggest a pathway in which IL-17-mediated neutrophil recruitment to a site of S. aureus infection in the skin begins with activation of TLR2, IL-1α/β, and IL-23 production, which stimulates IL-17A and IL-17F production by T cell and NK cell subsets in the skin (e.g., Th17 cells, γδ T cells, NK cells, NKT cells) and possibly neutrophils and mast cells (Fig. 5b) . IL-17A and IL-17F then activate the IL-17R, which is present on keratinocytes, to produce proinflammatory cytokines, chemokines, and adhesion molecules that mediate neutrophil recruitment to a site of cutaneous S. aureus infection.
Conclusion
In summary, recent discoveries involving the innate and adaptive immune responses against cutaneous S. aureus infections have greatly increased our understanding of the immune mechanisms that help protect against these infections. These include innate immune responses, such as the recognition of S. aureus by PRRs, production of antimicrobial peptides, and IL-1α and IL-1β cytokine responses that promote neutrophil recruitment, which are critical in controlling S. aureus infection and colonization of the skin. In addition, adaptive immune responses such as antibody-and cell-mediated immune responses mediated by B and T cells, respectively, also contribute to host defense. In particular, the recent findings demonstrating that Th17 cells are essential in promoting neutrophil recruitment and abscess formation against S. aureus skin infections provided new insights into how the innate and adaptive immune responses interact to combat S. aureus cutaneous infections. As antibiotic resistance continues to increase, the mechanisms of protective immune responses against cutaneous S. aureus infections will be important to consider for the future development of immunomodulatory therapies and vaccination strategies to help prevent or treat S. aureus skin infections and colonization.
